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West coast of Qatar
A B S T R A C T
Oil pollution resulting from natural and anthropogenic activities in the Arabian Gulf as well as oil residue in the
form of tarmat (TM) deposited on the coast is a major environmental concern. The spatial distribution, chemical
composition and weathering pattern of tarmat along the west coast of Qatar has been assessed based on the TM
samples collected from 12 coastal regions. The range of TM distribution is 0–104 g m−1 with an average value of
9.25 g m−1. Though the current TM level is thirty-fold lesser than that was found during 1993–1997 (average
290 g m−1), the distribution pattern is similar. The results of ATR-FTIR spectroscopy indicate that aromatic
compounds are higher in the north (N) coast TMs than those found in the northwest (NW) and southwest (SW)
coasts, and Carbonyl Index values indicate that TM of NW coast is highly weathered compared to those found in
the N and SW coasts.
1. Introduction
Tarmat (TM) or oil residue is originated from natural and anthro-
pogenic marine oil spills, and deposited as mats of different sizes and
forms on the inter-tidal or coastal belt after going through various
weathering processes. During the 1991 Gulf War, about 10.8 million
barrels of crude oil was spilled (world's largest oil spill) along with a
large amount of ash fall-out (Soliman et al., 2019). Other sources in the
Arabian Gulf are spills during offshore oil exploration, oil tanker acci-
dents, oil well blowouts, accidental and deliberate release of bilge and
ballast water from ships, river run-off and discharges through municipal
sewage and industrial effluents (Dashtbozorg et al., 2019). Two decades
ago, Al-Madfa et al. (1999) quantified TM deposits along the Qatar
coast and reported that north and northwest coasts of Qatar were se-
verely affected by 1991 Gulf War oil spill. The oil residues from NW
coast of Qatar subject to GC–MS and CHEMSIC source identification
methods revealed that the residues were originated from two different
sources, viz., Saudi Arabia and Kuwait crude oils (Al-Kaabi et al., 2017).
Researchers have documented oil spill contaminants at various beaches
located along the western and eastern coasts of Qatar (Dahab and Al-
Madfa, 1993; Al-Madfa et al., 1999; Al-Kaabi et al., 2017; Rushdi et al.,
2017; Soliman et al., 2019; Arekhi et al., 2020). In addition to previous
oil spills, Qatar coast is continuously exposed to fresh oil spills, how-
ever, may not be in large quantities.
The hazardous or toxic substances of oil residues may have severe
short or long-term impacts on marine ecosystems and economy, de-
pending on weather condition, location and ecological sensitivity of the
area around a spill (Carpenter, 2019). Even in the absence of acute
toxicity, oil persistence in sediments can induce long-term ecological
effects through complex biological interactions. The bioavailable oil
fractions can cause chronic sub-acute toxicological effect (poor health,
reduced growth and reproduction, low recruitment rates, etc.), which
can alter population dynamics, disrupt trophic interactions and struc-
ture of natural communities within the ecosystems (Peterson et al.,
2003; Bejarano and Michel, 2010). The origin and source oil of a par-
ticular TM can be determined by comparing the tar composition with
that of suspected source oils, including a specific tanker, spill or natural
seep – a method referred to as “fingerprinting” (Ehrhardt and Blumer,
1972; Van Vleet et al., 1984; Wang et al., 1998; Zakaria et al., 2001;
Suneel et al., 2013, 2014). A number of analytical techniques (UV
spectroscopy, GLC, TLC, Gas Chromatography coupled with MS, FID,
IRMS, AES, and GC × GC and FT-ICR-MS) are employed to fingerprint
and characterize the oil spills/residues in terms of age, degree of
weathering, biodegradation and possible sources (Warnock et al.,
2015).
The size, mobility or transport and location of TM deposit are in-
fluenced by its exposure to different types of weathering. For example,
weathering is higher for the TM from the supratidal zone than the
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submerged samples from the intertidal (Elango et al., 2014; White et al.,
2016). Spreading and evaporation are the initial processes of oil
weathering to start with, followed by dissolution, biodegradation,
photo-oxidation, emulsification and sedimentation (Aeppli et al., 2012;
Suneel et al., 2013; Warnock et al., 2015; Shirneshan et al., 2016;
Morrison et al., 2018), and therefore, properties of the spilled crude oil
are altered significantly. The Fourier Transform Infrared (FTIR) Spec-
troscopy gives reliable information of chemical composition such as
aliphatic and aromatic compounds, oxygenation rate and condensation





Fig. 1. The study area and sampling locations; S1 – Abu Samra, S2 – Umm Bab, S3 – Fahahil, S4 – Dukhan, S5 – Ras Al Ghariya, S6 – Zekreet, S7 – Al Buruq, S8 – West
Island, S9 – Al Zubara, S10 – Al Arish, S11 – Abu Dhalouf, S12 – Al Ruwais.
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Fig. 2. Spatial distribution of tarmat deposition at 36 locations in 12 beaches along the west coast of Qatar.
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2015; Yang et al., 2019). Molecular level analysis of oil residues in the
environment provides critical insight into changes in chemical com-
position of oil and the weathering processes responsible for these
changes. Many researchers found that FTIR spectroscopy can be used as
a rapid technique to characterize the chemical composition and
weathering pattern (Permanyer et al., 2002; Abbas et al., 2006; White
et al., 2016; Morrison et al., 2018).
Literature review reveals that the level of TM contamination along
the Qatar coast due to Gulf war oil spill had been assessed only two
decades ago. Since then the physical and chemical characteristics of
stranded TM have been changed as a result of physical, chemical and
biological processes. Hence, the present study is taken up with the
following objectives: i) to assess the current status of TM contamination
along the west coast of Qatar, ii) to characterize the structural and
chemical composition of TM using ATR-FTIR Spectroscopy, iii) to ex-
amine the weathering pattern of TM using FTIR spectral indices and iv)
to improve our understanding on the sources of TM on the Qatar coast.
2. Materials and methods
2.1. Study area
The Qatar peninsula covers an area of 11,651 km2, with a coastline
running about 700 km, including a number of coastal islands from the
Salwa Bay at the border of Saudi Arabia to the border of United Arab
Emirates (Rushdi et al., 2017). The exclusive economic zone (EEZ) of
Qatar encompasses approximately 35,000 km2 with an average water
depth of 35 m. In recent decades, Qatar has undergone rapid and in-
tense urban renewal and development. The population of Qatar has
increased from 0.025 million in 1950 to 2.83 million in 2019 (UN-
DESA, 2019). Qatar coast is enriched with diverse ecosystems including
mangrove forests, intertidal mudflats (sabkha), seagrass beds and coral
reefs. These ecosystems contain a substantial proportion of Qatar's total
biodiversity, and support an estimated 97% of US$ 67 million annual
commercial fisheries, the highest value resource sector after petroleum
(Burt et al., 2017). The land area is largely flat and stony deserts. The
range of mean daily air temperature in summer is 30–35 °C (can exceed
50 °C), whereas the mean annual temperature is only 25 °C (Cheng
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Fig. 3. Comparison of tarmat deposition along the west coast of Qatar (present study with Al-Madfa et al., 1999).
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mean annual rainfall of only 77 mm, and much of which occurs as rare
high intensity events (Slowakiewicz et al., 2016). The wind regime is
dominated by the NW to N regional shamal winds approaching Qatar
mostly during early June to mid-July (summer shamal) and November
to March (winter shamal), respectively (Yu et al., 2016; Sandeepan
et al., 2018). These winds generate very high shamal swells, which can
be traced even along the eastern Arabian Sea (Aboobacker et al., 2011).
2.2. Sampling
We have conducted TM sampling survey at 12 beaches from Abu
Samra to Al Ruwais along the west coast of Qatar in
September–November 2019 (Fig. 1). At each beach, three randomly
selected transects (1 m wide) were marked in low tide, high tide and
berm line (Fig. S1). TM samples within each transect were collected by
metal spatula, and kept them in labelled aluminium foil bags. The
collected samples were weighed in a high precision balance (0.1 mg).
2.3. Analytical methods
TM samples were analyzed using Attenuated Total Reflectance
Fourier Transform Infrared (ATR-FTIR) spectroscopy (Thermo Scientific
Nicolet iS10 spectrometer with Smart iTR Diamond crystal plate).
Samples were sliced into half using a solvent-rinsed razor blade and a
small internal section (~1 cm diameter) was removed and placed it on
the ATR crystal for analysis. Absorbance spectra were recorded in the
mid-infrared region (4000–600 cm−1) using 32 scans at 2 cm−1 re-
solution. A background atmospheric spectrum was subtracted from all
TM spectra. Peaks were integrated using Omnic software.
Different indices that represent the structural and functional fea-
tures of TM were calculated on the basis of peak areas. Peak areas were
measured from valley to valley (Permanyer et al., 2002). The following
indices were calculated to compare the structural and chemical com-
position of TMs using peak areas (Asemani and Rabbani, 2015):
Aliphatic index: (A1460 + A1376) / ΣA, which represents all aliphatic
compounds present in a sample.
Aromatic index: A1600 / (A814 + A743 + A724), which represents all
aromatic compounds present in a sample.
Carbonyl Index: (A1700 / ΣA), which indicates the degree of photo-
oxidation.
Long chain index: A724 / (A1460 + A1376), which represents straight
chain alkanes with 4 or more carbon atoms in a sample.
In the above indices, ΣA = (A2953 + A2923 + A2862 + A1700 +
A1600 + A1460 + A1376 + A1030 + A864 + A814 + A743 + A724). ‘A’
refers to the peak area in the absorption spectrum and the subscript
number represents the wavenumber.
2.4. Current data
The CMEMS (Copernicus - Marine environment monitoring service)
produces daily mean and monthly mean current velocities from their
Operational Mercator global ocean analysis and forecast system cov-
ering the global ocean with 1/12° resolution (~9 km in the Indian
Ocean) and has 50 vertical layers. It uses a global ocean model based on
NEMO code v3.1; (Madec, 2012) in the ORCA12 configuration, forced
by 3-hourly ECMWF (European Centre for Medium-Range Weather
Forecast) operational winds and corresponding heat and freshwater
fluxes. It captures all effects in driving the ocean currents, including the
Ekman drift from the wind. A range of satellite and in-situ data are used
to update and correct the simulated ocean state (Lellouche et al., 2013,
2018). In this study, we used monthly mean current velocities obtained
from CMEMS to describe the circulation pattern during winter and
Fig. 4. Wind rose diagrams at select locations along the west coast of Qatar during 1979–2019 derived from ERA5.
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summer and their influence on the transport of oil in the Arabian Gulf.
3. Results and discussion
3.1. Physical characteristics and distribution of TM
The field campaigns clearly showed that the TM along the west
coast of Qatar exhibit in several physical forms, wide range of sizes and
with different degrees of weathering. The physical appearance of TM
indicated that these were originated from relatively old spills, and none
of the samples showed the indication of any fresh slicks. The surface of
TM was highly weathered and looked like asphalt (Fig. S2). The dis-
tribution of TMs at 36 sampling locations (from the 12 beaches) along
the west coast of Qatar is presented in Fig. 2. The spatial distribution
shows considerable variability in TM quantity, ranging between ND
(not detected) and 104 g m−1 with an average value of 9.25 g m−1. The
largest quantity of TM has been observed on the north and northwest
coasts of Qatar. The southern beaches were less contaminated with TM.
However, among the 12 beaches, no TM was found at 4 beaches on the
central part of west coast of Qatar. The variability in the spatial
distribution of TM could be due to source of oil, speed and direction of
winds, currents and degree of exposure/protection of the beach. Oil
spills are carried away by surface winds and coastal circulation, and the
regions of deposition depends on residual flow, coastal topography and
coastal geomorphology. The residual flow in the Arabian Gulf could be
attributed to two principal factors: (i) a net anticlockwise circulation
generated by wind forcing coupled with Coriolis effects and (ii) effect of
horizontal density gradients, generated and sustained by evaporative
losses and radiative heat transfer, and to a lesser extent by freshwater
inflow at the head of the Gulf (Lardner et al., 1988). Large quantities of
oil are transported to south by northwest winds and regional circula-
tion, affecting virtually most of the beaches along the Qatar coast (Al-
Kaabi et al., 2017).
Corbin et al. (1993) classified the level of TM contamination based
on their accumulation in the beach as follows: Negligible (0–1 g m−1),
Low background (1–10 g m−1), Moderate (10–100 g m−1) and highly
unsuitable for recreational activities (> 100 g m−1). The occurrence of
TMs along the NW and N parts of Qatar indicate moderate level of
petroleum contamination to severe contamination. The quantity of
stranded TMs along the coast showed the following order: low tide>
Fig. 5. The monthly mean current speeds and directions in the Arabian Gulf representing (a) Winter (Feb 2019) and (b) Summer (Aug 2019).
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high tide> berm line. Comparison of the beached TMs with historical
data (Al-Madfa et al., 1999) indicates that the present quantity (average
9.25 g m−1) is thirty-fold lesser than those found during 1993 to 1997
(290 g m−1). To our knowledge, there are no records accounting for the
total amount of TMs removed from the Qatar coast since the time of
Gulf War oil spill, though tarmats have been removed and dumped at
some coastal regions (for example, near Al Jumail, NW coast of Qatar).
However, as TMs are exposed to the environment, oil components have
degraded over the time through physical, chemical and biological fac-
tors. Though the present data show a significant decline in the amount
of TM compared to the historical data, the current deposition trend of
TM is similar to the historical deposition pattern, i.e. northwestern part
is still highly contaminated (Fig. 3).
3.2. Controlling factors for the transportation and distribution of tarmats/
oil residues
It is known that the Arabian Gulf was heavily impacted by the Gulf
War oil spill in 1991. The spillage of crude oil during exploration,
loading and transportation (tankers or pipelines) in the Arabian Gulf is
recorded in the satellite data (Zhao et al., 2015; Evtushenko et al.,
2018). The detailed nautical charts of marine traffic intensity and oil
tanker routes show that navigation routes (especially tankers) are well
connected to the major oil transportation bases and ports in the Arabian
Gulf (Fig. S3). The historical wind data obtained from ERA5 (Hersbach
et al., 2019) show that offshore winds blow predominantly in the
northwesterly direction throughout the year over Qatar (Fig. 4). Wind
and waves will dominate the surface drifting of floating particles
through Ekman drift, windage and stokes drift mechanisms (Zhang,
2017). The circulation pattern in the Arabian Gulf shows that the inflow
current along the Iranian coast is weakened by the strong shamal winds
in the winter, but in summer, it strengthens and extends almost to the
head of the Gulf (Fig. 5).
A cyclonic circulation gyre sets in the southern Gulf is driven by the
inflow of surface water from the Arabian Sea through the Strait of
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Fig. 6. Representative ATR-FTIR spectra of tarmat deposited along the west coast of Qatar.
Table 1




3650–3200 O–H stretching vibration Permanyer et al. (2002), Fernandez-Varela et al. (2005), Lis et al. (2005), Abbas et al.
(2006), Fresco-Rivera et al. (2007), Asemani and Rabbani (2015), White et al.
(2016), Riley et al. (2016), Morrison et al. (2018) and Yang et al. (2019)
3080–3010 =C–H stretching vibration
2953 C–H asymmetric stretching vibration in CH3 (νasCH3) and
CeH stretching in alkanes
2923 C–H asymmetric stretching vibration in CH2 (νasCH2)
2862 C–H symmetric stretching vibration in CH3 (νsCH3) and CeH
asymmetric stretching vibration in CH2 (νasCH2)
1700 C=H stretching vibration
1600 C=C stretching vibration aromatic compounds
1460 Methyl CeH (CH2 and CH3) asymmetric/symmetric bending
vibrations
1376 C–H (CH3) symmetric bending vibrations
1030 C–OH stretching vibrations
864, 814, 743 Out of plane bending vibrations of CeH in aromatic
compounds
724 Out of plane bending vibrations of CeH in aromatic
compounds and bending vibrations (rocking type) of CeH in
CH2
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maintains a cyclonic circulation, which otherwise would be an anti-
cyclonic. A southward coastal jet exists between the head of the Gulf
and east of Qatar depending on the winds (Reynolds, 1993). Moreover,
the central part of the west coast of Qatar is in the shadow zone of
Bahrain, and that might have relatively reduced the transport and ac-
cumulation of oil spill, tarballs or tarmats during Gulf War in the central
coast, compared to the north. In addition to physical characteristics of
oil (quantity, density and viscosity), dynamics of the water body due to
winds, waves, tides and currents also important to control the transport
and distribution of TMs along the west coast of Qatar, and this is also
the reason for maximum TM accumulation along the northern coast
compared to the southern coast.
3.3. Chemical composition and structural characterization of TMs using
ATR-FTIR
In ATR-FTIR spectroscopy, mid-infrared spectral region is the most
commonly used infrared spectral region, which corresponds to the
transition from ground state to the first excited state, and can be ac-
companied by the transition of rotational energy level (Zhang et al.,
2019). Representative FTIR spectra for TM samples are shown in Fig. 6.

































































































































Fig. 7. (a) Aliphatic and aromatic indices of tarmats, (b) Carbonyl Index, (c) ratio of OeH vs C]C, where absorbance areas are normalized with CeH absorbance






















Fig. 8. The long chain index vs. aliphatic index of tarmats in Qatar (black dots) and crude oil asphaltenes from four different Iranian oil fields.
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stretching, bending and rocking vibrations. The characteristic peaks for
aliphatic hydrocarbons were observed at 3100–2800 cm−1,
1460 cm−1, 1377 cm−1 and 720 cm−1, respectively. Peaks at
1600 cm−1 and 900–700 cm−1 indicate the presence of aromatic hy-
drocarbons. The presence of oxygenated functional groups was ob-
served at 1800–1600 cm−1 (Abbas et al., 2006; White et al., 2016;
Zhang et al., 2019). The peak assignments for functional groups in the
variety of TMs are presented in Table 1. The aromatic and aliphatic
compounds are significant and fundamental structures in TM. There-
fore, in order to compare the presence of these compounds among the
collected TMs, the aliphatic and aromatic indices were calculated using
ATR-FTIR data (Fig. 7a). The aliphatic and aromatic compounds are
higher in the NW coast samples than in the samples of N and SW coasts
of Qatar.
3.4. Weathering state of TMs
The extreme warm weather condition in Qatar leads to acceleration
in the oil weathering processes, including physical removal, evapora-
tion and biodegradation processes (Al-Kaabi et al., 2017). Therefore,
Carbonyl Index (CI) was calculated for TMs from the FTIR spectra to
study the photo-oxidation process (Fig. 7b). CI is a typical photo-oxi-
dation indicator, which increases with weathering (Fresco-Rivera et al.,
2007). The CI values for TMs collected from the NW coast of Qatar
(West Island and Al Zubara) indicate that these TMs were highly
weathered than those found in the N and SW coasts of Qatar. The large
variation in weathering observed in the TMs of west coast of Qatar
could be an indication that the source oil might be of different origin or
might have been formed at a different timing. PAH analysis of oil re-
sidues and sediments from Qatar coast using GC–MS and CHEMSIC
techniques showed that the crude oils were from at least two different
sources, i.e., Saudi Arabia and Kuwait (Al-Kaabi et al., 2017).
The ratio between the Oxygen containing functional groups (OeH at
3390 cm−1) and C]C absorbance (at 1600 cm−1) of TMs (Fig. 7c)
indicate that the increase in the relative proportion of aromatic com-
pounds is likely to be due to the persistence of compounds that are
relatively resistant to weathering such as alkylated chrysenes (White
et al., 2016). Riley et al. (2016) used ATR-FTIR method to fingerprint
the weathered and non-weathered Middle Eastern crude and heavy fuel
oil asphaltenes. The spectrum for the weathered sample showed a
higher absorbance in the regions (650–930 cm−1) and
(1260–1520 cm−1) compared to the spectrum for non-weathered
sample (an additional band structure around 880 cm−1). The FTIR re-
sults of weathered TMs obtained from the present study also match very
well with that of Riley et al. (2016). Earlier studies found that most of
the heavily weathered TMs deposited along the Qatar coast (Al-Madfa
et al., 1999; Al-Kaabi et al., 2017) and the PAHs present in the sedi-
ments (Rushdi et al., 2017; Soliman et al., 2019) were originated from
the Gulf War. Most of the collected TMs showed heavily weathered
solid surface outside, and relatively non-weathered oil interior, in-
dicating that degradation of oil is a very slow process (Al-Kaabi et al.,
2017).
3.5. Maturity degree of tarmats
Chemical processes changing the macromolecular structure of oil
during thermal maturation are evident with increasing maturity as FTIR
spectroscopic shifts (Lis et al., 2005). Abbas et al. (2012) found that the
relative abundance of saturated and aromatic hydrocarbons could be
considered as maturity indicators influencing directly the quality of
oils. Therefore, the ratio of aliphatic compounds over aromatic com-
pounds was used in the present study to evaluate the maturity degree of
TMs (Peters and Moldowan, 1993). Higher the ratio, higher is the
maturity degree of the oils (Permanyer et al., 2002). With increasing
maturity, FTIR spectra show three trends: (i) decrease in the absorption
of aromatic peaks, (ii) an increase in the aliphatic peaks and (iii) a loss
of oxygenated groups (carbonyl groups). In the aliphatic stretching
region (2800–3000 cm−1), the ratio between CH2 and CH3 could be
identified. Lis et al. (2005) quantitatively related FTIR changes to in-
creasing maturity, relying on vitrinite reflectance as the traditional and
most commonly used proxy for thermal maturity in rocks containing
organic matter. The calculated aliphatic to aromatic ratios of TMs
clearly indicate that the samples from Abu Samra and NW coast of
Qatar were more matured than those found along the north coast of
Qatar (Fig. 7d).
3.6. Comparison of ATR-FTIR spectra of TMs with Iranian crude oil
asphaltenes
The ATR-FTIR spectra of TMs collected from the west coast of Qatar
show the same features with the KBr pellet technique FTIR analysis of
four crude oil asphaltenes from different Iranian oil fields in the
Arabian/Persian Gulf (Asemani and Rabbani, 2015). Though it is not
possible to compare the changes in FTIR spectra of TMs (measured by
ATR-FTIR) with crude oil asphaltenes (measured by FTIR with KBr
pellet technique), several peaks including OeH, CeH, C]O, C]C and
C–OH exhibit good agreement between these two methods. It is evident
from the cross plot of aliphatic index vs. long chain index of TMs col-
lected along the west coast of Qatar and Iranian crude oil asphaltenes
(Fig. 8) that the ATR-FTIR spectra of TMs and Iranian crude oil as-
phaltenes are comparable in terms of peaks that were observed and
measured. From the results of analyses and discussion, it is possible to
state that the ATR-FTIR method is a rapid approach to characterize and
study the weathering of TMs without any tedious sample preparation or
solvent extraction.
4. Conclusions
The spatial distribution, chemical composition and weathering
pattern of TMs along the west coast of Qatar have been investigated.
The NW coast of Qatar is highly contaminated with tarmats, and the
current status of contamination shows that it is thirty-fold lesser than
those found during Gulf War oil spill. The prevailing winds and currents
might have dominated the surface drifting of floating oil residues to-
wards the NW coast of Qatar. Chemical and structural properties of TMs
were calculated using FTIR spectral indices (i.e., aliphatic, aromatic,
long chain and carbonyl indices) and some of their features are com-
parable to that of Iranian crude oil asphaltenes. The aromatic com-
pounds of TMs are lesser in the NW coast than those found in the
northern coast. Carbonyl Index values indicate that TM samples from
the NW coast are highly weathered than those found in the north and
SW coasts. The concentration of hydrocarbons (including aliphatic and
aromatic) in TM can be used to study the ecological risks on sediment
associated biota. The quantification of the concentration of PAHs in
large number of samples using GCMS and other chemical analyses are
very expensive and time consuming, and for such analyses, ATR-FTIR
method could be used to characterize the oil residues and study their
weathering patterns.
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